Abstract. Operation Security of transmission line is affected by operating temperature of bare overhead conductors. IEEE Standard Model has reflected that the current of a conductor should be decreased when the temperature difference between the core and surface exceed the special value. In order to accurately estimate the operating risk of bare overhead conductors, a model is proposed to calculate core temperature of a conductor based on BP neural network in this paper. An experimental plate was designed to validate the proposed model under the free convection and forced convection condition. The experimental and calculated results are analyzed and discussed.
Introduction
Relative research [1] [2] [3] [4] [5] [6] has been shown that radial temperature difference straightly influenced the calculation of carrying capacity, sag, creep and aging characteristics. In order to correctly estimate operation safety of transmission line, and produce the development of the monitor technique for conductor, the calculation model of the core temperature of transmission line should be necessary.
Recently, several models can calculate conductor temperature, which prevailingly consist of IEEE Standard Model [7] , Finite Element Model [8] , Thermal Circuit Model [9, 10] and Thermal Circuit Model under Interior Point Method [11] . IEEE Standard Model, developed in the last century, can calculate the operating temperature of a conductor under various weather conditions and carrying capacities mainly based on experimental data and empirical formulas. The model is difficult to calculate the core temperature of a conductor because the conductor is seen as isothermal by the model, which leads to shrink the application range of the model, although it has applied actually in condition monitoring for conductors. Finite Element Model, based on Heat Transfer Theory, can take the partial differential equation describing thermal dynamic process to solute dispersedly in the scale of space and time, which can calculate the core temperature. But the model has a great amount of calculation, and hence it is difficult in actual application, and its parameters depend on empirical selection, which leads to limit its actual application. Thermal Circuit Mode, grounded on thermo-electrical analogy, can simplify heat-transferring calculation into electrical-circuit calculation, which has been applied popularly in the thermal dynamic analysis of electrical equipment for many years. Gang LIU, a professor in South China University of Technology, has established a transient-state model of bare overhead conductors [9, 10] , and it reflects that the thermal circuit model is efficient in the application of the dynamic compatibilization of conductors. But bare overhead conductors consist of multi-strand steel and aluminum wires, so there is not flat on the surface of each strand. The values of the thermal capacity and thermal resistance in every radial layer are difficult to calculate because of existing air gaps and thermal contact resistance. Furthermore, skin effect makes radial ac-resistance not homogeneous, and hence the thermal power of a conductor in every radial layer is difficult to calculate as well. Thermal Circuit Model under Interior Point Method on the basis of parameter identification using interior point method can identify the thermal time constant of radial conduction and the rate of temperature under carrying capacity, establishing a radial thermal circuit model in the terms of state equation. The model fails to take both parameter identifications under forced convection conditions into account, which is difficult to calculate the core temperature under the conditions above.
Therefore, all of the models introduced above fail to be efficient in calculation of the core temperature of bare overhead conductors.
Seeing the background above, a calculation model for core temperature based on BP neural network [12] can be proposed by this paper. In the model for calculating the core temperature of bare overhead conductors, the input consists of static-state surface temperature of the conductor, its carrying capacity, the thermal time constant of the static surface temperature of the conductor and weather conditions, and the output is consistent of its static-state core temperature and the thermal time constant of the core temperature. When the mapping relationship between the input and output has been established by BP neural network, the dynamic estimation of the core temperature can be achieved. In the end, the accuracy of the proposed model can be validated by relative experiments.
Model for Calculating Core Temperature Based on BP Neural Network
BP (Error Back Propagation, BP) has a great advance on the development of neural network because it has solved the study of multi-layer neural network. In power system, BP neural network has been used in various parts: fault diagnosis, intelligent control, relay protection, load forecasting and so on. BP neural network, consisting of input layer, one or more hidden layers and output layer, can realize a nonlinear mapping relationship under much complexity between input and output, and it owns a great capability of generalization to complete complicated identification and fit functions. The network can be good at great nonlinear fitting. Also, it can be easy in learning and realized in PC. The topological structure diagram of a BP neural network can be shown in Figure. 1.
In BP neural network, the input layer can take the entering signs to the hidden layer by different weights, and the hidden layer take the signs to the output layer through various weights, which are compared to the goal values. Then, according to the total error of the whole network, the signs can be propagated back, the weights can be adjusted, and the signs can be entered one more time to compare the goal values. In the end, the network training will finish when the error arrives at the set value [13] .
According to Ref [14] , the curve of the core temperature ) ( core t T can be expressed using first-order dynamic curve when the conductors suffer from outer factors. The specific equation can be seen below: In order to validate the proposed model, the experimental plate for temperature difference between the core and surface of a conductor has been designed shown in Figure. 3. The experimental plate mainly consists of experimental conductors, strong-current generator, air blower, windshield partition, vent line (rods for turbulent flow inside), thermocouple, current sensor, air velocity transducer, sun sensor, data acquisition device and PC.
In the paper, the middle point of a 2m-length side of the conductor has been chosen as the measuring spot, in which 5 thermocouples with the diameter of 1.5mm have been installed anticlockwise, which can be shown in Fig. 4 . The thermocouples T1~T4 can be used to measure the surface temperature of the conductor, which respond to the wind directions of 0°, 45°, 90°, and 135°, respectively; the thermocouple T5 can be used to measure the core temperature, which respond to the wind direction of 180°. How to measure the core temperature by boring can be referred to Ref [15] . All of thermocouples has been fastened on the responding spots with vinyl electrical tape.
In the experiments, the conductor type can be chosen as LGJ-400/35 with the current of 200A, 400A, 600A, 800A and 1000A, and the experimental time can be selected as 120 minutes to ensure that conductor temperature arrives at static state. In the experiments, the range of wind velocity can be controlled between 0 and 2 m/s, because the increase of the velocities of ambient winds will promote heat loss of the conductor, which will lead to the reduction of the radial temperature difference.
Total data of the relative experiments arrives at 125 groups, so the former 100 groups are considered as training data in the BP neural network, and the last 25 groups as validation data. Due to the length limits of the paper, the brief data of both types has been shown in Table 1. and Table 2 ., respectively. In order to analyze the impact of carrying capacity on the temperature difference between the core and surface of the conductor, the experimental results of the real measurement points of the core temperature and surface temperature with various carrying capacities have been shown in Fig.  5 . In this sort of the experiments, the ambient temperature, wind velocity, wind direction and solar radiated heat intensity are 17℃, 0.5m/s, 0° and 15W/m 2 , respectively. The conductor temperature increases when the carrying capacity magnifies, which can be reflected in Figure 5 . In order to analyze the impact of wind velocity on the temperature difference between the core and surface of the conductor, the experimental results of the real measurement points of the core temperature and surface temperature with various wind velocities have been shown in Fig. 6 . In this sort of the experiments, the ambient temperature, wind direction, the lead current and solar radiated heat intensity are 17℃, 0°, 1000A and 15W/m 2 , respectively. The difference decreases when the velocity magnifies, which can be reflected in Figure. 6. In order to analyze the impact of wind direction on the temperature difference between the core and surface of the conductor, the experimental results of the real measurement points of the core and surface temperature with various wind velocities have been shown in Fig.8 . In this sort of the experiments, the ambient temperature, carrying capacity, wind velocity and solar radiated heat intensity are 20℃, 800A and 15W/m 2 , respectively. The difference increases when the direction magnifies, which can be reflected in Figure 7 . 
Model Validation
At first, in order to validate the proposed model, the former 100 groups of experiments should be 0  2000s  4000s  6000s   T1  T2  T3  T4  T5 Figure. 8. It can be known in the figure that the maximum relative error of core T or core τ is less than 5%, which can conform to project standard. Table 3 . Also, the conductor temperature of the 5 experiments can be calculated by IEEE Standard Model, and the results can be shown in Table 4 ( con T represents conductor temperature). It can be found that the relative errors of the conductor temperature by IEEE Standard Model are large, and the maximum arrives at no less than 10.24%, the accuracy of which cannot be as great as the proposed model, seeing that conductors are normally assumed to be isothermal by IEEE Standard Model. The dynamic process of the core temperature of the 5 sample experiments can be described by Equation (1) , and then the specific expressions are as follows respectively: The curves of the core temperature by real measurement and the proposed model can be drawn respectively through calculating Equation (2) and measuring the real temperature, which can be shown in Figure 9 . The curves of relative error of the core temperature by the proposed model can be shown in Figure 10 .
It can be known in Figure 10 . that the maximum relative error of the dynamic process of the core temperature is no more than 3.39% by the proposed model, which can conform to project standard. 
Summary
1) There is temperature difference of an energized conductor, and generally the core temperature is higher than the surface, which becomes significant when the carrying capacity increases.
2) With the BP neural network, the proposed model can prevent skin effect and proximity effect, which are difficult to calculate, and therefore the distribution of inner resistance of conductors cannot be considered using it. Compared to other methods, it gets a more effective engineering practicability.
3) Comparison of the core temperature of a conductor by the proposed model and by real measurement has been shown that the estimation values using the model has the smaller errors. By the proposed model, the core temperature can be calculated in high precision even if the value of solar radiated heat intensity is small. This model provides a solid foundation for study on the temperature difference of a conductor under various solar radiated conditions. 
